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INTRODUCTION
Petrochemical industries and environmental protection agencies are facing huge technological challenge in developing effective methods for oil-water separation in produced water treatment. Large volumes of water are injected into aging oil wells in order to recover the maximum amount of oil, and this leads to the production of huge amounts of oil-water mixture (or "produced water"). 1, 2 As this produced water is considered environmentally hazardous, oil producers are now legally bound to recycle the produced water. 3, 4 Every year, immiscible oil-water mixtures are governed by interfacial phenomenon, an effective method for the separation can be provided by selecting or synthesizing a material with preferential wetting towards oil or water. For materials that are hydrophobic-oleophilic materials, the water contact angle (denoted θ wa ) is greater than 90° and the oil contact angle (θ oa ) is less than 90°, and this makes filters constructed from such materials non-wettable by water and wettable by oil. When hydrophobic-oleophilic materials are used as the oil pass filters in oilwater separation, they easily get fouled by viscous oil residues and hence cannot be used for large scale separation methods. 7−10 Other possible materials with different wetting characteristics that can be used on the mesh for gravity driven oil-water separation are of hydrophilic-oleophobic (θ wa < 90° and θ oa > 90°) and superhydrophilic-superoleophobic (θ wa < 5° and θ oa > 150°) character.
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The two most prominent membrane filtering techniques employed for oil-water separation are gravity driven and cross flow filtration. Of these two methods, the gravity driven method is preferred due to the much lower cost and higher permeate collection rate, compared to cumbersome and expensive cross flow filtration systems. 12, 13 The ideal filter surface for gravity-driven filtration is a counterintuitive hydrophilic-oleophobic structure or the more efficient superhydrophilic-superoleophobic surfaces. Since the surface tension of water is greater than that of oil, materials with this kind of wettability are technically more difficult to fabricate and this mechanism often involves superomniphobic materials (θ wa and θ oa > 150°), which can respond to external triggers to generate the superhydrophilicity. 14−16 Kota et al 16 reported hygroresponsive superhydrophilic-superoleophobic surfaces on meshes and fabrics, spin coated with fluorodecyl polyhedral oligomeric silsesquioxane (fluorodecyl POSS) blended with poly(ethylene glycol) diacrylate (PEGDA). Fluorodecyl POSS has a very low surface energy (γ sv ≈ 10 mN/m) and hence it has been used in the construction of many liquid repellent surfaces. 17 However, fluorodecyl POSS is quite expensive and in pure form it has a poor adherence to the underlying substrate. Oil-water separation can also be achieved using superhydrophilic materials that possess underwater superoleophobicity i.e. the respective contact angles are (θ wa < 5° and θ ow > 150°).
In addition to this, photoinduced oil-water separation and self-cleaning ability from fouling have also been demonstrated to be important in the separation performance. 22, 23, 25 Various preparation methods such as layer-by-layer coating, polymerization, sol gel method, hydrothermal treatments, direct oxidation, and chemical vapor deposition, have been employed, and various materials such as hydrogel, silicate, TiO 2 , silica gel, zeolite and nanostructured ZnO surfaces, have been studied in order to achieve superhydrophilic surface with good underwater oil repellency. 22−27 However, most of these preparation methods involve multiple processes, long and delicate methods of sample preparation, exotic materials, and extreme physical conditions to achieve a surface with such wetting properties.
In the case of cold spray coating method, the coating application is carried out at ambient temperatures that are much lower than the melting point of the substrate material.
Consequently undesirable thermal factors like oxidation, thermal degradation, and unwanted formation of defects on the coated surface can be minimized. Also in the cold spray coating, the deposited material is accelerated at very high velocity with the help of compressed gas and this can enable spray droplets to undergo an extreme and rapid plastic deformation on impact thereby, compressing and conformally coating a layer of material on the substrate.
Because of the large generation of interfacial area and the rapid drying of the volatile carrier/solvent, the sprayed deposits are typically rough or non-uniform in texture. Because surface roughness is one of the major factors controlling the hydrophilicity of the surface, with this cold spray deposition method, the surface roughnesses of the resulting films can be tuned by controlling the amount of deposited TiO 2 nanoparticles on the mesh.
In the present study, we fabricated superhydrophilic surfaces that exhibit underwater superoleophobicity by the spray coating of nanostructured TiO 2 on stainless steel mesh. This method of fabrication is not only rapid, simple and cost effective, but also the coated mesh shows an excellent water affinity and strong underwater oil repellency. The coated meshes are characterized by SEM, XRD and contact angle goniometry. The superhydrophilic and underwater superoleophobic TiO 2 coated mesh was used for the gravity-driven oil-water separation experiments and showed 99% oil-water separation efficiency by letting water pass through the mesh and retaining the oil above the mesh. The adsorbed layer of water on the coated surface, formation of a water-film between the individual wires of the mesh, and the strength of the underwater superoleophobicity all contribute to this enhanced efficiency of oil-water separation.
EXPERIMENTAL SECTION
TiO 2 films on the stainless steel mesh were fabricated using spray coating with fine nanoparticle dispersions. 28, 29 The TiO 2 used in this work is in the anatase phase with an average particle size < 25 nm, 99.7% trace metal basis (TEM image in Figure S1 ). It has a surface area of 60 m 2 /gram and a density of 4.26 g/ml (Sigma Aldrich, CAS 1317-70-0). The stainless steel mesh substrates of different pore sizes were purchased from TWP Inc, USA.
Prior to the spray coating, the substrates were cleaned with acetone, isopropanol and deionized (DI) water, and then dried. The spray coating was carried out inside a fume hood with a spray gun (McMaster Carr) of 0.75 mm nozzle diameter using a nitrogen pressure source with an application pressure of 170 kPa. The substrate/mesh was kept at a distance of
The TiO 2 dispersion was prepared by adding 0.1 grams of TiO 2 nanoparticles in 10 ml of tetrahydrofuran (THF) and sonicating the mixture for 1 hour in order to create a stable suspension. The TiO 2 nano dispersion in THF was observed to be visually stable and no significant precipitation was found even three hours after preparation. In order to experimentally confirm the stability of the suspension, the monochromatic absorbance of the suspension at 350 nm (the wavelength at which the dispersion shows the absorbance maximum) with respect to time was monitored. It was found that there was no significant change in the absorbance after three hours. For every coating, a fresh dispersion was prepared and used immediately after sonication. Other solvents such as acetone, isopropanol (IPA), ethanol and methanol were also tried but only THF and IPA were found to create a stable dispersion of TiO 2 . THF was ultimately selected for the spray coating process because it has a lower boiling point (66 °C) which enabled faster evaporation. After deposition, the samples were annealed in air at 550 °C for 2 hours.
The scanning electron microscope images were taken using Jeol JSM-6610LV, under 15
kV operating voltage and the X-ray diffractogram (XRD) was taken using Bruker D8-40 kV/40 mA X-ray diffractometer. Contact angles were measured using a Krüss easy drop DSA20X goniometer. All contact angles and the sliding angles were measured five times and the values presented are the averages of these values. The oil-water separation system was custom designed and locally fabricated. The system consists of two pieces of Pyrex tubes of 1.7 cm diameter, coupled together with a Teflon flange and oil resistant O rings, which also hold the coated mesh between the two tubes. The coated mesh was wetted with water before inserting it in the oil-water separation module.
RESULTS
Generally metals, alloys, metal oxides, and the oxides of semiconductors naturally exhibit superhydrophilicity due to their large surface energies. In this work, we selected nano titania (TiO 2 ) in its anatase phase for the fabrication of superhydrophilic surface, because this material is stable, inexpensive and photocatalytic in nature, in addition to exhibiting remarkable superhydrophilicity. In order to study the effect of annealing on the spray coated titania textures, the TiO 2 films sprayed onto glass substrates were annealed at two different temperatures (550 °C and 1100 °C) for two hours, and it was found that the annealing made the TiO 2 surface mechanically more robust. However, annealing at 1100 °C also brought about an undesirable phase transformation from anatase to rutile phase, which is evident from the XRD patterns presented in Figure 1a . This phase transformation of TiO 2 to rutile phase, triggered by high temperature annealing is not desired, because the metastable anatase TiO 2 has larger surface area and greater photocatalytic activity, 30 which can be potentially used in the future for light actuated advanced applications. 15, 16, 31 The only benefit of annealing the TiO 2 film at the higher temperature is to make the surface mechanically more robust and hence, all the TiO 2 coated surfaces presented in this work were annealed at 550 °C. Figure   1b and it is clear from Figure 1c that after coating the mesh is uniformly covered with a TiO 2 nanoparticle layer. A higher resolution SEM depicted in Figure 1d indicates that this mesh has both micro and nanoscale surface roughness and this surface roughness is crucial for controlling surface wettability. 20, 21 The cross sectional view of the film depicted in Figure 1e shows the layer thickness is approximately 3 microns.
We also carried out contact angle and sliding angle measurements to characterize the wetting properties of the different fabricated surfaces and these are shown in Figure 2 , the oil droplet starts sliding at 1.7 ± 0.5°, whereas the same measurement for the annealed stainless steel substrate (bar chart-6) gives a sliding angle of 3.1 ± 1.0°. However, for the unannealed stainless steel substrate (bar chart-5), no sliding was observed. From these contact angle and sliding angle measurements, it is quite evident that the annealed stainless steel mesh (uncoated) exhibits underwater superoleophobicity. The small differences in the measured sliding angle could be due to the oxidation state of the metallic surface as a result of annealing at 550 °C in air environment. This oxidation helps to promote the formation of hydrogen bonds and consequently enhances the surface hydrophilicity and underwater oleophobicity.
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However, it will be clear from the subsequent discussions, that underwater oil repellency of the mesh is just a necessary, but not sufficient, condition for a mesh to be a good filtering medium for oil-water separation. Even when the oil is in contact with TiO 2 surface, a small volume of water can easily displace the oil in the porous surface of the coating, resulting in a contact angle of water droplets in oil of θ ow → 0° as shown in Figure 2 (image 3) . The following test was performed to confirm that a water film replaces the oil that is imbibed into the porous coating. The TiO 2 coated glass slide was immersed in hexadecane and on this surface, a water droplet with an approximate volume of V = 6 ± 1 µl was placed. The water/oil (or w/o) contact angle was measured and found to be θ ow = 0°. This result confirms that water perfectly wets the TiO 2 coated surface even in an oil environment (hexadecane) and also that water replaces the oil trapped in the porous surface. This result is important because water needs to be channeled through the mesh while retaining the oil in the process of oil-water separation using TiO 2 coated stainless steel mesh. Prior to the actual application and study of oil-water separation using a TiO 2 coated mesh, we demonstrate the underwater superoleophobicity of the TiO 2 coated mesh shown in Figure 3 .
We carried out oil in water contact angle (θ ow, ) measurements using different alkanes for TiO 2 coated and uncoated stainless steel meshes and compared the results with a flat TiO 2 coated glass substrate. It should be noted that the TiO 2 coated mesh and TiO 2 coated glass discussed in Figure 3 were annealed, whereas the uncoated mesh was not annealed. Figure 3 compares the values of θ ow measured for five different oils on three different surfaces, mentioned above, and it is evident that the TiO 2 coating significantly improves the oil repellency of the stainless steel mesh invariably for all the oil samples under study. The average value of θ ow for the oil samples listed above on a TiO 2 coated stainless steel mesh is 164 ± 6°, which is comparable with the oil in water contact angle of TiO 2 coated glass substrate for the same oil samples under study. Also the sliding angle for the TiO 2 coated mesh is very small while for the uncoated mesh, surface pinning dominates and no sliding angle could be observed even for 30° inclination (see Supplementary Figure S3 Pictorial views of the oil-water separation system developed for this study are shown in Figure 4 , along with SEM images of coated and uncoated stainless steel meshes with 100 micron pore sizes. The oil-water mixture is poured into the top glass tube, and the permeate is collected in a beaker placed underneath the bottom tube. In order to understand the critical role of TiO 2 coating on the stainless steel mesh, we first used a thermally annealed but uncoated stainless steel mesh in between the glass tubes and found that both the oil and water permeated rapidly through the mesh as exhibited in Figure 4a . On the other hand, when TiO 2 coated stainless steel mesh was used in between the two tubes, the water in the oil-water mixture permeated through the coated mesh leaving the oil in the top glass tube as shown in In this oil-water separation system, we used TiO 2 coated stainless steel meshes of four different pore sizes and tested three different oil-water mixture samples. The volume of mixture used in each test was around 40 ml and the separation took place within a few seconds. After the separation, the system was observed at rest for 5 to 10 minutes to check if any oil droplet permeated through the mesh. The oil-water separation efficiencies of all of the 12 combinations of oils and pore sizes are shown in Figure 5 , along with the SEM images of the meshes used. The oil-water separation efficiency was calculated using the formula shown in equation (1). 24 ,25
( 1) where C o and C p are the volume/volume ratios (v/v) of the original oil-water mixture and the filtered permeate respectively. C o and C p were determined by measuring the volume ratio of oil with respect to the mixture (oil and water) using graduated cylinder. The value of C o used was 49 ± 6 %. From Figure 5 , it is clear that the annealed TiO 2 coated stainless steel mesh of 50 micron and 100 micron achieved 99% oil-water separation efficiency and a very small trace of oil was found in the permeate (water). However, the TiO 2 coated stainless steel meshes of higher pore size showed poor oil-water separation efficiency. It is clear from this study that a spray coating on the 100 micron stainless steel mesh, (contrary to traditional cumbersome coating procedures) can be applied very effectively for the oil-water separation.
More viscous or heavier oil such as hexadecane and relatively lower viscosity (or 'lighter') oils like cyclohexane were tested for oil-water separation efficiencies. We found that the separation ability is independent of the viscosity of the oil. However, the rate of permeation did decrease when more viscous oils were tested. 
DISCUSSION
The contact angle of oil droplet on a flat solid surface in water can be expressed using the Young-Dupré equation, 34 as written in equation (2):
where γ sw , γ so , are respectively solid/water and solid/oil interfacial tensions while γ oa , γ wa , and γ ow are the surface tension of oil, surface tension of water and the interfacial tension of an oil-water interface respectively. The value of θ ow becomes high when γ wa cos θ wa is greater than the term γ oa cosθ oa . Thus underwater oil repellency can be increased by increasing the hydrophilicity of the immersed solid surface. 35 The surface morphology and the roughness of the surface can also increase the oil repellency as the surface texture traps pockets of water.
This condition can be explained with the help of the Cassie-Baxter equation, 36, 37 : where r f is the ratio of the real contact line to the projected contact line of the portion of solid that is in contact with the oil and f is the fraction of length of the projected area of the solid surface in contact with oil. Therefore, from equation (3), it is obvious that the surface treatment and surface texturing are important to achieve underwater superoleophobicity.
It is clear that the underwater superoleophobicity is an important factor for the oil-water separation process, but it is also apparent from our results in Figure 4 that it is not a sufficient criterion for oil-water separation and that surface roughness is also a governing factor in the oil-water separation process. As discussed earlier in the context of image 6 in Figure 2 , underwater superoleophobicity can be achieved simply by annealing a stainless steel mesh, and it has been reported that even a clean glass slide also possesses superhydrophilicity and underwater oil repellency. 38 It is evident from Figure 4a , that even though the annealed mesh exhibits underwater superoleophobicity, it failed in the oil-water separation. On the other hand, stainless steel meshes of same pore sizes (50 micron and 100 micron), when coated with TiO 2 , showed 99% efficiency in oil-water separation, confirming that superhydrophilicity and underwater oil repellency alone are not the sufficient conditions for oil water separation It can be seen from the SEM images of Figure 4b , that compared to the smooth annealed stainless steel surface, the TiO 2 coated mesh shows both micro and nanoscale roughness and this surface roughness contributes favorably for oil-water separation due to its increased underwater oil repellency. Since annealed stainless steel is hydrophilic, the smooth surface is more favorably in contact with water, and this leads to high oil repellency. Defects on the solid surface can introduce pinning points that impact droplet mobility across the texture.
Introducing a rough porous coating to the surface by covering it with TiO 2 nanoparticles, enables this superhydrophilic texture to trap water within the roughness. 23 In addition to this, the strong affinity of TiO 2 towards water molecules can create a surface-adsorbed water layer such that an oil droplet is not at all in contact with the liquid impregnated surface, which is confirmed by the low values of sliding angle, that are exhibited by TiO 2 coated glass and TiO 2 coated stainless steel mesh.
Since the TiO 2 surface is also wettable by oil, the TiO 2 coated mesh must be pre-wetted by water before using it for oil-water separation. The presence of adsorbed water layer on the porous TiO 2 surface is an important factor for oil-water separation. This adsorbed water layer plays two distinct roles in oil-water separation: first, it prevents oil droplets from coming into contact with the mesh during the separation process; second, this layer provides channels for the water droplets from the oil-water mixture to permeate to the opposite side of the coated mesh. These necessary conditions for oil-water separation cannot be met by annealed stainless steel mesh due to its smooth surface texture and the low affinity towards water molecules and the presence of pinning defects that trap oil droplet on the surface leading to fouling.
Another factor which plays major role in oil-water separation is the pore size of the mesh.
We observed that oil-water separation did not yield a desirable result when the pore size of the stainless steel mesh is greater than 100 micron. However, if an oil droplet is carefully placed on top of the TiO 2 coated mesh, the porous mesh can withstand the hydrostatic pressure of the oil column (see Supplementary Figure S4 online). At a certain critical height, h max , the oil starts flowing downwards and penetrating the TiO 2 coated mesh. The intrusion pressure, is expressed as a hydrostatic head, P int = ρgh max , where ρ is the density of oil and therefore P int can be calculated by measuring the height, h max . As the hydrostatic pressure falls below the intrusion pressure, i.e. after h < h max , it is expected that the oil will stop flowing.
Surprisingly, we find that once the oil starts flowing, it in fact keeps flowing until most of the oil phase is transferred to the other side of the mesh (see Supplementary Video online).
The formation of a water-film (capillary bridge) between the individual wires of the mesh is quite normal, because the pore size of the mesh is much smaller than the capillary length of water. 39, 40 This contiguous water-film is found to be one of the most important factors that govern the oil-water separation. In view of this fact, we develop a simple model for the contact line of oil, water and solid interfaces in the TiO 2 coated mesh. Figure 6a , shows the formation of a uniform water-film between the two wires of the mesh, separated by a distance d (pore size of the mesh). When this pre-wetted mesh is in contact with oil, the three phase contact line adjust in order to maintain the required underwater oil contact angle, θ ow , 36,37 as illustrated in Figure 6b . From this, the intrusion pressure can be calculated using the YoungLaplace equation, given in equation (4).
24,41−43 This intrusion pressure is the excess pressure required in the oil phase to overcome the interfacial tension at the interface. At the critical condition, the vertical components of forces are balanced, ΣF y = F P + F γ = 0, where F P and F γ are the force from external pressure and the force from the interfacial tension respectively. 14, 42 This force balance can be established only if θ ow is larger than 90° so that the vertical component of F P and F γ are pointing in opposite directions. On the other hand, if θ ow is less than 90°, there is no static force balance possible as F P and F γ are pointing in the same direction. The positive value of P int (when θ ow > 90°)
indicates that a hydrostatic pressure must be established in order to force the oil droplets into the mesh pores. Conversely, negative value of P int (when θ ow < 90°) indicate that the oil phase needs no external pressure to spontaneously penetrate through the mesh pores.
The contact line illustrated in Figure 6c shows the situation when the system is under an applied pressure. If the applied pressure is greater than the intrusion pressure, the oil phase will break the water-film, resulting in a change in the shape of the interfacial line and under this condition, equation (4) is no longer valid to describe the system. Consequently, γ ow and θ ow need to be substituted by γ oa and θ oa respectively as the interface changed, where θ oa is the contact angle of oil on water in air environment. The value of θ oa can be calculated using the Young equation shown in equation (5).
Numerical values for most of these parameters can be found in the literature. 44 Since γ wa is generally larger than γ ow , the value of cos θ oa is always positive. As a result, the intrusion pressure will have negative values and the oil phase will spontaneously channel down through the mesh. This is why we observed that the oil did not stop flowing after initial breakthrough is achieved, even when the hydrostatic pressure is reduced below the critical intrusion pressure. 
CONCLUSION
We have demonstrated that superhydrophilic porous meshes with underwater oil repellency for the application of oil-water separation can be easily fabricated by spray coating nanostructured particles onto stainless steel meshes of various sizes. A notable 99% oil-water separation efficiency was achieved using the coated mesh of pore sizes 50 and 100 micron, compared to no separation, found in the case of uncoated mesh of the same material and pore sizes. We also showed that establishing structures with underwater superoleophobicity is not sufficient to meet the conditions that lead to oil-water separation, i.e. the ability to steadily pass water through the coated mesh without permeating oil. Establishing a contiguous waterfilm between the pores of the mesh determines the capacity of the coated mesh to perform oil-water separation. The formation of such a water-film is promoted by three important factors: (i) the underwater superhydrophilicity of the surface of the mesh, (ii) the surface roughness of the microporous texture and (iii) sufficiently small pore size of the mesh. These three factors control the stability and robustness of the contiguous water-film that must exist in the porous filtration medium to ensure uninterrupted oil-water separation.
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